Bioactive glasses (BGs) have been applied for bone transplant surgery, dentistry, and drug delivery due to their high reactive surface areas and excellent bioactive properties. Spray pyrolysis (SP) has been employed to fabricate BG in order to overcome the disadvantages of common techniques such as the conventional glass method (low purity and high calcination temperature) and the sol-gel method (difficulties in mass production). Bioactivity, the most important property of BGs, is directly related to surface area. It is well known that BG surface area increases greatly with decreasing particle size. Therefore, in this study, both submicron and nanostructured BG particles were synthesized in order to determine the effect of particle size on bioactivity by adjusting the SP calcination temperature. The surface structure, morphology, crystallography, chemical composition, and surface area of BG particles were characterized using scanning and transmission electron microscopy, selected area electron diffraction, Fourier transform-infrared spectroscopy, and the Brunauer-Emmett-Teller method. It was found that with increasing calcination temperature, the particle morphology changed from submicron solid structures to nanosized hollow structures. In addition, the surface area increased from 6.0 to 20.1 m 2 /g. The bioactivity test suggests that nanosized BG particles have a higher hydroxyl apatite formation rate due to their higher surface area. Based on these experimental results, SP formation mechanisms for BGs particles with various morphologies based on the "one-particle-per-drop" and "gas to particle conversion" mechanisms are proposed. By controlling the SP calcination temperature, BG morphologies crystallographic structures and surface areas have been correlated with their bioactivities. These findings demonstrate that SP can be used for BG fabrication.
Introduction
Bioactive glasses (BGs) have attracted considerable as potential materials for drug delivery [1, 2] , bone tissue engineering [3, 4] , and sealing in dental applications [5] due to their excellent biocompatibility and bioactivity since they first were discovered by Hench et al. [6] . Early studies demonstrated that when BGs are implanted in the human body, hydroxyl apatite (HA) layers [7, 8] form on their surfaces. The bioactivity of BGs is defined as the ability of the glasses to bond to bone tissue via the formation of HA layers [9] .
Fabrication techniques such as the conventional glass process and the sol-gel method are used to fabricate BGs. Although the conventional glass process has been used for mass production, its disadvantages include a high calcination temperature (1200-1400 ºC ), low purity (caused by grinding and sieving procedures), and poor control of composition (high viscosity of silicon at high temperature is unfavorable for homogenization) [7] . The sol-gel process has drawbacks of discontinuous processing and long processing time (on the order of days) [10] , making it unsuitable for mass production. In contrast, the spray pyrolysis (SP) method has advantages of low calcination temperature (500-800 ºC ), high purity, continuous processing, and short processing time (on the order of hours) [11, 12] . Therefore, SP has been employed to replace the conventional glass process and the sol-gel method for BG fabrication. For example, B-based BG submicron particles [13] , 45S5 BG nanoparticles [14] , and Si-Ca-P-based mesoporous BG particles [15] have been prepared by SP.
The most commonly used method to improve the bioactivity of BGs is to increase the reaction area by decreasing particle size. For example, 45S5 BG nanoparticles prepared by Mačković et al. [14] were shown to have a higher surface area and much faster formation of HA (one day of immersion in simulated body fluid (SBF)) compared to those for micron-sized particles (three days of immersion) [14] . Although nanosized particles can be prepared by the conventional glass process and the sol-gel method, few studies have reported SP fabrication of nanosized BGs. It is important to develop an understanding of the formation mechanism in order to obtain suitable nanosized BGs for a wider range of biomedical applications.
The present study characterized SP-synthesized BGs using various techniques. The surface structures of the BG particles were observed using field-emission scanning electron microscopy (FESEM, JSM-6500F, JEOL, Japan). The morphology and particle size distribution of the BG particles were characterized using transmission electron microscopy (TEM) (Tecnai G2 F20, FEI, USA) and crystallographic structures were determined from selected area electron diffraction (SAED) patterns. Fourier transform-infrared spectroscopy (FT-IR) spectra of the precursors and the various heated particles were obtained to examine the potential carbon contaminations. Surface areas were determined using the nitrogen adsorption method (the Brunauer-Emmett-Teller (BET) method) [16] (Tristar, Micromeritics, US). For the in vitro bioactive test, X-ray diffraction (XRD) (D2 Phaser, Bruker, Germany) was used to characterize BG particles before and after immersion in SBF, which has an ion concentration nearly equal to that of human blood plasma [17] . Finally, this study correlates the heat treatment conditions with the morphology, crystallographic structure, and surface area of the BG particles. Based on these results, the formation mechanisms of BG particles are proposed.
Materials and methods
BG particles prepared by SP were calcined at temperatures of 500 to 800 ºC . The precursors contained 6.70 g of tetraethyl orthosilicate (TEOS, Si(OC 2 H 5 ) 4 , 99.9 wt.%, Showa, Japan), 1.40 g of calcium nitrate tetrahydrate (CN, Ca(NO 3 ) 2 •4H 2 O, 98.5 wt.%, Showa, Japan) and 0.73 g of triethyl phosphate (TEP, (C 2 H 5 ) 3 PO 4 , 99 wt.%, Alfa Aesar, US). These precursors were dissolved in 1.0 g of 0.5 M HCl and 60.00 g of ethanol and mixed at room temperature for 24 h. The solution (a mixture of 10 ml of precursor solution and 390 ml of deionized water) was ultrasonically dispersed into droplets with a frequency of 1.65 MHz (droplet size of 6  2 m [12] ). Subsequently, these droplets were heated in the reactor with three zones, namely pre-heating (400 ºC ), calcination (500, 600, 700, or 800 ºC ), and cooling (500 ºC ). The surfaces of these powders were charged by electrons released from a tungsten corona wire at high voltage (16 kV). Finally, the negatively charged powder was neutralized and condensed in an earthed stainless steel collector.
SEM and TEM were employed to examine the BG surface structure and morphology. SEM samples were prepared by dispersing the powders on SEM stubs. SEM images were taken at a voltage of 15 kV. TEM specimens were prepared by dispersing the powders in acetone using an ultrasonic bath for 5 min, and then depositing a drop onto carbon film grids. The solvent on the carbon grids was evaporated at room temperature. TEM (operated at 200 kV) was used to characterize the particle morphology and particle size distribution, which was obtained by counting more than 300 particles for each heat treatment. The SAED patterns were recorded with an aperture size of 800 nm to determine the crystallographic structures. Furthermore, FT-IR spectra of the precursors and the various calcined particles were obtained using an FT-IR spectrophotometer (FTS1000, Digilab, USA) in the range of 600-3300 nm -1 with a wavenumber resolution of 8 cm -1 . The averaged experimental data are collected by repeating 32 times. Finally, the specific surface areas of these powders were determined using nitrogen adsorption and desorption isotherms obtained at -196 ºC on a constant-volume adsorption apparatus. The as-prepared samples were degassed at 150 ºC for 3 h before measurements. The in vitro bioactivity tests for the 600 and 800 ºC calcined BG particles were carried out using SBF. The ion concentrations of the SBF were Na + 142. (mM). The bioactivity was tested by immersing the particles in SBF at a solid:liquid ratio of 1 g:10 ml at 37 ºC for 1 h. XRD patterns were obtained with Ni-filtered Cu Kα radiation to characterize the surfaces of the BG particles before and after immersion in SBF. Figure 1 shows SEM micrographs of BG particles calcined at 500, 600, 700, and 800 ºC , respectively. It can be clearly seen that only spherical particles were obtained at all calcination temperatures. However, the particle sizes are significantly different. Particles calcined at 700 and 800 ºC are mostly in the nanometer range, whereas those calcined at 500 and 600 ºC are considerably larger. Detailed morphologies of particles obtained using bright-field TEM are shown in Fig. 2 . The bright field contrast of TEM images is mainly associated with the thickness/mass of the specimen, and thus continuous and bright contrasts directly correspond to thickness (i.e., a porous region has brighter contrast than that of a solid region). Figures 2 (a) and 2(b) show that the 500 and 600 ºC calcined particles are all solid spheres. On the other hand, the submicron particles in 700 and 800 ºC calcined BGs show discontinuous contrast in the center of the particles, suggesting hollow or concave particles [18] . Since SEM images of particles calcined at 700 and 800 ºC (Figs. 1(c) and (d)) show spherical surfaces, it is concluded that the particles must be hollow, not concave, on the other hand, the nanoparticles are solid spheres as their contrasts are continuous. The crystallographic structures of the BG particles were determined using SAED (Fig. 3) . The diffraction patterns of the 500 ºC calcined particles exhibit fuzzy rings without any clear diffraction spots, whereas the patterns of the particles calcined at 600-800 ºC show both fuzzy rings and some diffraction spots. These results suggest that the 500 ºC calcined particles are glasses, whereas the particles calcined at 600-800 ºC are glassceramics. Figure 4 shows the size histograms for BG particles calcined at 500, 600, 700, and 800 ºC , respectively. Their average diameters and standard deviations are 383 ± 176, 404 ± 216, 129 ± 136, and 48 ± 70 nm, respectively. The statistical data show that the 500 and 600 ºC calcined particles have a similar average particle size (~400 nm), and that the 700 and 800 ºC calcined particles have much smaller particle sizes (~50-130 nm). It can also be seen that the 500 and 600 ºC calcined particles show a normal distribution (containing only submicron particles), whereas the 700 and 800 ºC calcined particles show a bi-modal distribution (containing both nano and submicron particles). Since the two main factors controlling particle size (precursor concentration and ultrasound frequency) were kept constant [21] , these results imply that the particles calcined at 700 and 800 ºC have a different formation mechanism than that of those calcined at 500 and 600 ºC . Figure 4 shows the size histograms for BG particles calcined at 500, 600, 700, and 800 ºC , respectively. Their average diameters and standard deviations are 383 ± 176, 404 ± 216, 129 ± 136, and 48 ± 70 nm, respectively. The statistical data show that the 500 and 600 ºC calcined particles have a similar average particle size (~400 nm), and that the 700 and 800 ºC calcined particles have much smaller particle sizes (~50-130 nm). It can also be seen that the 500 and 600 ºC calcined particles show a normal distribution (containing only submicron particles), whereas the 700 and 800 ºC calcined particles show a bi-modal distribution (containing both nano and submicron particles). Since the two main factors controlling particle size (precursor concentration and ultrasound frequency) were kept constant [21] , these results imply that the particles calcined at 700 and 800 ºC have a different formation mechanism than that of those calcined at 500 and 600 ºC .
Results
The FT-IR spectra of the precursors and various calcined BG particles are shown in Fig. 5 . For the precursors, the spectrum shows several features attributed to silicates (~800, ~850, and ~1100 cm -1 for Si-O-Si [19, 20] The relationship between the surface area of particles and the calcination temperature is shown in Fig. 6 . The surface areas of the 500, 600, 700, and 800 ºC calcined particles are 6.0, Figure 6 . Specific surface areas of BG particles calcined at temperatures of 500, 600, 700, and 800 ºC . Figure 7 shows XRD patterns of the 600 and 800 ºC calcined BG particles before and after immersion in SBF for 1 h. The results confirm that the 600 ºC calcined particles, shown in Fig. 7(a) , are mainly amorphous (a broad band between 20º and 37º) with an XRD peak angle corresponding to the wollastonite-triclinic phase of (102) (JCPDF card no. 29-0372) at 32º. The 800 ºC calcined particles have an additional peak assigned to the wollastonite-monoclinc phases (JCPDF card no. 43-1460). The XRD results show that the higher the calcination temperature, the better the crystallinity, in agreement with the SAED results (Fig. 3) . After 1 h of soaking in SBF (Fig. 7(b) ), the XRD pattern for the 800 ºC calcined particles shows two HA diffraction peaks, at 25.8º and 31.7º, corresponding to the (002) and (211) planes, respectively (JCPDF card no. 84-1998). However, the pattern for the 600 ºC calcined particles shows only the (211) peak of HA. These results show that these particles exhibit bioactivities. 
Discussion

BG structure
The SEM and TEM results indicate that particle morphology depends on calcination temperature. At calcination temperatures of 500 and 600 ºC , most particles are solid spheres because the solute in the precursor droplets precipitates homogenously during the drying process (i.e., volume precipitation) [23] , as shown in Figs. 2(a) and 2(b) . When the temperature is increase to 700 or 800 ºC , submicron-sized particles change their morphology from solid to hollow, as shown in Figs. 2(c) and 2(b) . The main reason for the formation of hollow particles is that the higher calcination temperature causes a thermal gradient in the droplets (the temperature at the surface of a droplet is higher than that at the droplet center), and therefore the precursors precipitate preferably on the droplet surface, giving rise to a hollow structure (i.e., surface precipitation) [23] . The SAED results suggest that the 500 ºC calcined BG particles are amorphous, whereas those calcined at 600-800 ºC show both amorphous and crystalline structures (see Fig. 3 ).
Particle size histograms suggest that the particle size varies with calcination temperature, as shown in Fig. 4 . The 500 and 600 ºC calcined particles show mainly submicron particles due to the so-called "one-particle-per-drop" mechanism, where particles are converted from micron-sized droplets produced by an ultrasonic nebulizer [24] . At higher calcination temperatures (700 and 800 ºC ), a higher fraction of particles are in the nanosized regime ( > 70%) than in the submicron regime ( < 30%). The nanosized particles are likely to be generated from a "gas to particle conversion" mechanism, where particles condense from a gas phase. In addition, the surface area increases with increasing calcination temperature, as shown in Fig. 6 . Combining this result with the partilce size analysis, it can be deduced that a higher proportion of nanosized particles are formed at higher calcination temperature due to the "gas to particle conversion" mechanism, which contributes to a higher surface area.
Bioactivities
Bioactivities are directly related to the HA crystal growth rates in SBF. Figure 7(b) shows that the XRD pattern of the soaked 800 ºC calcined particles exhibits two HA peaks, at (211) and (002), whereas that of the soaked 600 ºC calcined particles exhibits only the (002) peak. This shows that the 800 ºC calcined particles have higher bioactivity (faster HA formation rate) than that of the 600 ºC calcined particles. The 800 ºC calcined particles have a smaller average particle size (and higher proportion of nanosized particles) and a higher surface area (20.1 m 2 /g) than those of the 600 ºC calcined particles (7.3 m 2 /g), so the bioactivity results demonstrate that higher surface area improves the bioactivity of BGs.
Formation mechanism
"One-particle-per-drop" and "gas to particle conversion" are two common SP formation mechanisms [25] . The "oneparticle-per-drop" and "gas to particle conversion" mechanisms are responsible for the formation of the submicron sized and nanosized particles, respectively [23, 25] . Figure 8 shows a schematic diagram of the BG formation mechanisms. Firstly, at the calcination temperatures of 500 and 600 ºC , as shown in Fig. 8(a) , the TEOS, CN, and TEP precursors are mixed randomly in a droplet in the atomization stage. These precursors then precipitate and decompose homogeneously in the droplet during the stages of solvent evaporation and solute decomposition (i.e., volume precipitation) [23] . Subsequently, with increasing temperature, solid BG particles are formed during the final stage of calcination. At higher calcination temperatures (700 and 800 ºC ), the particle formation involves both "one-particle-per-drop" and "gas to particle conversion" mechanisms and therefore both submicron and nanosized particles form (see Fig. 8(b) ). Unlike the 500 and 600 ºC calcined particles, the precursors precipitate and decompose on the droplet surfaces before they do at the droplet centers, causing hollow particles (i.e., surface precipitation) [23] . Therefore, both solid nanoparticles and hollow particles are obtained at 700 and 800 ºC . Figure 8 . SP schematic diagrams of BG particles calcinated at (a) 500-600 ºC ("one-particle-per-drop" mechanism) and (b) 700-800 ºC ("one-particle-per-drop" and "gas to particle conversion" mechanisms).
Conclusion
This study reported the synthesis of nanosized BG particles using the SP process. The effects of calcination temperature on the particle morphology, crystallographic structure, chemical composition, and specific surface area were investigated. The nanosized BG particles form via the "gas to particle conversion" mechanism. This mechanism is responsible for the increasing population of nanosized particles with increasing calcination temperature. The "one-particle-perdrop" mechanism is responsible for particle morphology changes with calcination temperature. The BG particles change their morphology from solid to hollow when the calcination temperature is increased. The results indicate that the SP method can be used for BG fabrication.
